Western European long-distance passerine migrants have to cross both the Mediterranean Sea and the Sahara desert during their autumn migration to Africa. Most species (in particular sylviid warblers and flycatchers) leave the breeding grounds in late summer with low or modest fat depots, gradually increasing their energy stores and body mass along the migratory route until they are theoretically able to embark on a sustained flight across these ecological barriers (Moreau and Dolp 1970 , Bibby and Green 1981 , Veiga 1986 , Bairlein 1991 , Kaiser 1992 , Berthold 1993 , Schaub and Jenni 2000a . Whether passerine migrants cross the barriers in a single sustained flight or in intermittent flight bouts and daytime stopovers in the desert remains the subject of much speculation, although in many species there is evidence for mixed strategies (Moreau 1972 , Biebach 1992 . The proportion of individuals adopting a given strategy may depend on a complex interplay of endogenous and exogenous factors: likely, migratory birds show a flexible response to their internal state and to environmental conditions (Biebach 1990 , Biebach et al. 2000 .
Due to its aerial feeding habits, not tied to particular stopover habitats as other long distance migrants, the barn swallow Hirundo rustica has been considered to adopt a fly-and-forage migration strategy, refuelling en route and thus being able to cross ecological barriers with a low or moderate amount of energy stores (Davis 1965 , Mead 1983 , Ormerod 1989 , Cramp 1998 . However, recent studies have shown that the amount of pre-migratory fattening in the barn swallow is comparable to that of migrants that adopt a strategy of direct crossing of ecological barriers in long-distance flights (Berthold 1975) . Fuelling in this species commonly reaches 30 -40% of lean body mass, which, according to recent calculations, may allow uninterrupted flights of over 3000 km Magnani 1997, Pilastro and Spina 1999) . Hence, non-stop flights across ecological barriers may be the rule in this species (e.g. Moreau 1961) , considering also that desert stopover of swallows has been reported only rarely (e.g. Biebach 1990 , Biebach et al. 1991 , Bairlein 1992 , but see Bairlein 1985 Bairlein , 1988 .
In recent years, a growing interest in barn swallow migration in Europe, stimulated by the EURING Swallow Project, has led to the description of spatio-temporal patterns of autumn pre-migratory fattening, using a large data-set collected across 18 different countries in Europe (Jenni 1998 , Spina 1998 . Preliminary analyses have shown that conspicuous fuelling takes place from the beginning of September; fatter birds are found mostly in southern Europe, in particular Spain and central and southern Italy (south of 43°N) Spina 1999, Rubolini 2000) .
Population-specific heritable variability in migratory behaviour has been demonstrated in captive, handreared passerine migrants (e.g. blackcap Syl6ia atricapilla, Berthold et al. 1992 , Berthold 1996 . However, there is a lack of field data demonstrating the existence of population-specific pre-migratory fuelling dynamics that could be related to the distance to be covered between breeding/fuelling and wintering areas (e.g. Bairlein 1991, Drent and Piersma 1990 ). Here we quantified fuel stores (sensu King and Murphy 1985, Lindströ m and Piersma 1993) in barn swallows before autumn migration at the northern edge of the ecological barriers represented by the Mediterranean Sea and the Sahara desert. The aim of this study was to analyse whether ecological barriers can be considered among the selective factors affecting the amount of pre-migratory fuel stores in the barn swallow along the two main western European flyways, namely those funnelling along Iberia and Italy. In fact, swallows seem to cross the Mediterranean Sea and the Sahara desert rather than to circumfly these barriers: if so, and if the width of these two barriers varies, we expected energy stores at departure for migration to be directly related to the width of the barriers. Hence, (1) fuel stores during the pre-migratory phase (September -October) among swallows studied in central and southern Italy should be larger than among Iberian birds, given the wider ecological barriers to be crossed by the former. If birds are leaving the roost areas directly for the trans-Saharan flight, and assuming a N-S migratory route, we expected (2) fuel stores at departure to be positively related to the linear distance to be covered.
Materials and methods

Data selection, variables and data analysis
Data used for this study were collected during the period July -October in 1997 and 1998 at a total of 19 roost sites, 8 of which are located in Spain and 11 in central and southern Italy (C&S Italy hereafter, defined as south of 43°N -i.e. the northernmost latitude of the Spanish roost sites -following the definition given in Pilastro and Spina 1999) (Table 1, Fig. 1 ). The selection of Italian roost sites south of 43°N allowed us to compare fuelling dynamics in terms of latitudinal range: mean latitude for Italian and Spanish roost sites did not differ significantly (Mann-Whitney U test, U = 22, P = 0.14).
Swallows were tape-lured and captured with mistnets at dusk, starting from 3 h before sunset; birds were ringed and measured following standardised field protocols (Jenni 1998) and were usually released the morning following capture. For most individuals data recorded included: hour of measurement (local solar time), age (juvenile, i.e. born in the same calendar year, or adult) (Svensson 1992) , length of the 8th outermost primary (hereafter wing length, nearest 0.5 mm) Friedrich 1979, Jenni and Winkler 1989) fat score (on a 0 -8 scale, Kaiser 1993), moult score (on a 0-2 scale, with 0 =no growing body feathers, 1 = 1-20 growing body feathers and 2=\20 growing feathers) and body mass (at least to the nearest 0.5 g). The hour of measurement was standardised with respect to time of sunset for every roost site and trapping session, using the following transformation: standardised hour of measurement (STM hereafter) = (hour of measurement −time of sunset). Time of sunset was calculated using the Mpj Astro 1.5.1 software. Birds in heavy moult of body feathers ( \20 growing feathers) and with growing or moulted wing feathers were excluded from analyses (given that body feather moult may negatively affect fat accumulation and body composition, Newton 1968 , Chilgren 1977 , Spina and Massi 1992 , Murphy 1996 . Fat scoring provides a reliable index of the lipid stores of passerine birds (Redfern et al. 2000) and is useful for intra-and interspecific comparison of fat stores, since it is independent of size, stomach, gut and water content of the body (Brown 1996) . In the analyses fat score was ln(1 + fat score)-transformed, in order to improve normality (Brown 1996) . The autumn pre-migratory fattening period of the barn swallow was divided into two distinct phases Magnani 1997, Pilastro and Spina 1999): (1) a post-breeding phase (PB hereafter) (July to the end of August), during which birds terminate the partial body moult and energy stores are low; and (2) a pre-migratory phase (PM hereafter) (from the beginning of September onwards), during which a substantial fuelling takes place (Fig. 2) . We defined the PB phase from 1 July to 19 August and the PM one from 30 August to 31 October; data collected between 20 and 29 August, a 10-day period of transition between the two phases, were excluded from the analyses. Recaptures were not considered. Sample size may vary between different analyses because of missing data from some sites. Overall, the data set consisted of 13029 birds, 3730 of which belong to the PB phase (7 sites) and 9299 to the PM phase (18 sites) ( Table 1 ). Statistical analyses were carried out using ANCOVA models and Spearman Rank Correlation test, using SPSS ver. 10.0. Exploratory analyses of factors affecting barn swallow fuel stores in southern Europe have shown them to be linearly related to both the latitude and longitude of the roost site (Pilastro and Spina 1999) . These variables were therefore used as covariates in the following AN-COVA models, to represent an effect of roost site: however, in the analyses where the geographical areas (C&S Italy and Spain, representing a longitude component) were the factors, we omitted longitude from the covariates, to avoid redundancy of confounding variables. Interaction terms were included in models and presented when relevant.
Comparison of energy stores between C&S Italy and Spain
Fat score and body mass were compared between the two geographical areas, separately for adult and juvenile birds and for the PB and PM phases. In the ANCOVA, body mass or fat score were the dependent variables, year and geographical area (C&S Italy and Spain) factors, while date of capture (day 1 = 1 July), date 2 , STM, latitude of roost site (in centesimal degrees), and wing length were entered as covariates. Date 2 was included in the model to control for non-linear patterns of fuelling. Wing length was considered as a measure of body size. The inclusion of wing length in the models was needed in order to control for both individual and geographical body size differences. Mean wing length (calculated for at least 10 individuals) for a given site was positively related to the longitude of the site (juveniles, r s = 0.88, n = 17, P B0.0001; adults, r s = 0.77, n = 16, P B0.0001), swallows ringed in Italy being on average 2 mm larger than those recorded in Spain.
Fat stores of adults and juveniles
Differences in fat stores between adult and juveniles were tested separately for the two geographical areas. In the ANCOVAs, fat score was the dependent variable, while age (adult and juvenile), fattening phase (PB and PM) and year were factors, and date of capture, Table 1 . Geographical location of roost sites included in the analysis and number of swallows ringed at each site. Italian roost sites were located in central and southern Italy (south of 43°N, Pilastro and Spina 1999) . PB phase = post-breeding phase (1 July-19 August); PM phase = pre-migratory phase (30 August-31 October). The width of barriers is the distance (in km) between the roost site and the coast of North Africa (sea) or between the roost site and the southern margin of the Sahara desert (overall), according to a vegetation map (TCI 1998 Table 1 To obtain a rough estimate of the amount of stores carried by individual birds ready for departure, we subtracted LBM from the body mass of the 25% heaviest birds (e.g. Biebach 1990 , Bairlein 1991 ) (selected separately for each geographical area and age class) during the PM phase. We defined this value as the estimated departure fuel load (EDFL thereafter, expressed as a % of LBM) ( Table 2 ). EDFL was entered into an AN-COVA in which year, geographical area (C&S Italy and date 2 , STM, latitude and longitude of roost site (in centesimal degrees) were covariates. In order to further look at geographical and age differences in fuel loads, we estimated lean body mass (LBM) as the average 
Results
Adult and juvenile fuel stores in Spain and Italy
During the PB phase, energy stores did not differ significantly between the two geographical areas, either in terms of fat score or body mass (fat score: adults F 1,216 = 3.23, P =0.07; juveniles F 1,3417 = 0.67, P =0.41; body mass: adults F 1,216 = 0.15, P = 0.70; juveniles F 1,3410 = 0.46, P =0.49). During the PM phase birds were fatter in Italy (fat score: adults F 1,1107 = 16.5, PB 0.0001; juveniles F 1,7392 = 184.6, P B 0.0001; body mass: adults F 1,1097 = 6.3, P = 0.012; juveniles F 1,7392 = 75.4, P B 0.0001) ( Table 2 ). Young birds were fatter than adults during the PB phase, whereas adults had significantly larger fat stores than juveniles during the PM phase: the same pattern was recorded in both geographical areas (C&S Italy, age ×phase interaction, F 1,6805 = 15.9, P B 0.0001; Spain, age ×phase interaction, F 1,6057 = 30.8, P B 0.0001) (Fig. 3) . Although differences in mean fat score were significant, the differences in the absolute values during the PM phase were very small ( (Table  2) .
Energy stores and ecological barriers
The ANCOVAs from which we obtained residuals of energy stores were highly significant for both age classes (fat score: adults F 5,1116 = 30.9, R 2 = 0.11, P B 0.0001; juveniles F 5,7401 = 236.1, R 2 = 0.13, P B 0.0001; body mass: adults F 5,1106 = 69.9, R 2 = 0.24, P B 0.0001; juveniles F 5,7392 = 552.4, R 2 = 0.27, P B 0.0001). For both body mass and fat score the condition index at every trapping site was independent of the number of trapped swallows (Spearman Rank, adults: P \0.1; juveniles: P \ 0.4). The correlations between the two condition indices and the width of ecological barriers were positive and significant (Table 3 , Fig. 4) . The residuals for juvenile and adult birds were highly correlated (body mass: r s = 0.83, n = 16, P B 0.0001; fat: r s = 0.92, n = 16, P B0.0001). The correlations between fuel stores at departure and width of ecological barriers might have been confounded by pooling data from Iberian and Italian birds. In fact, correlations may arise because of different ecological conditions affecting Spain) and age were factors, and date, date 2 , STM and latitude were covariates.
Energy stores and width of ecological barriers
For every roost site in Italy and Spain during the PM phase we obtained an index of energy stores, separately for adult and young birds. The index was derived from the residuals of an ANCOVA in which fat and body mass were entered as dependent variables, year as factor, and date of capture, date 2 , STM and wing length were considered as covariates. The average of residuals for each roost site (for at least 10 individuals) was considered as an index of the energy stores at departure, assuming that swallows leave for migration from the fuelling site. This index was correlated with the width of ecological barriers. To calculate the latter, we measured the linear distance (in km) between the roost site and the coast of North Africa (representing the barrier formed by the Mediterranean Sea), and the distance between the roost site and the southern margin of the Sahara desert (representing the overall width of ecological barriers) as indicated on a vegetation map (TCI 1998) . Distances were measured assuming a N-S migration route. A sequential Bonferrroni correction (Rice 1989 ) was used to correct P-values for multiple testing (on a total of 8 correlations).
fuelling dynamics in the two geographical areas, hence causing a spurious relationship. The positive correlation between fuel stores and the overall width of the barriers still holds -at least for body mass data -even ''within'' each geographical area, despite the smaller sample size and reduced variability in barrier width, thus further supporting our results (considering the average value of adult and juvenile residuals from ANCOVAs for each roost site, body mass: C&S Italy r s =0.63, n =10, P = 0.05; Spain r s =0.85, n =7, P= 0.02; fat score: C&S Italy r s =0.59, n = 10, P = 0.07; Spain r s =0.59, n =7, P=0.15).
Discussion
Previous analyses of barn swallow body mass variation across Europe have indicated that important fuelling areas are located around the Mediterranean, particularly in Italy and Iberia Spina 1999, Rubolini 2000) . These areas host the last stopover sites before the journey across the ecological barriers represented by the Mediterranean Sea and the Sahara desert. Western European populations leave the breeding grounds in continental and northern Europe with low energy stores, complete their post-breeding and post-juvenile body moult during the earlier part of the trip, reach the main fattening areas of southern Europe during August and then, after completion of the body moult, start rapidly to gain weight and depart for the African wintering grounds in September Magnani 1997, Pilastro and Spina 1999) . Table 3 . Correlation (Spearman rank correlation coefficient, r s ) between the mean index of energy stores at each roost site (calculated for at least 10 birds during the PM phase, see Materials and methods for details of index calculations) and: (a) the width of the Mediterranean Sea, and (b) the total width of ecological barriers (Mediterranean Sea and Sahara desert). Sample size (n) refers to the number of roost sites. Migration distances were measured assuming a N-S migratory route. All P-values significant at PB0.05 after sequential Bonferroni correction (Rice 1989 The indices of energy stores for each of our study sites were significantly correlated between the two age classes, indicating that adults and juveniles build up energy stores in a similar way at each site, although at the end of the fuelling period (during the PM phase) juveniles attain a lower level of energy stores both in Spain and Italy. A reverse difference in physical condition between age classes is recorded during the PB phase, when adults show a more intense body feather moult (Pilastro and Magnani 1997, D. Rubolini, A. Massi and F. Spina, unpubl. data) : juveniles were found to have relatively larger stores. The larger energy stores in adults at departure may arise from a faster and more efficient fuel deposition rate among adults as compared to juveniles and/or from a higher foraging efficiency, given that fuel accumulation begins almost concurrently in the two age groups and geographical areas (see Fig. 2 ) (Pilastro and Magnani 1997) . The greater fat loads among adults is likely to increase their chances for a successful termination of the migratory journey, because swallows seem to experience a relatively high mortality during migration compared to other species of trans-Saharan migrants (Moreau 1961) .
While no geographical differences in the level of fuel stores where found during the PB phase, our results show that during the PM phase barn swallows fattening in Spain accumulated less fuel than those fattening in central and southern Italy. When considering EDFL and mean body mass, such a difference is remarkable: both adult and juvenile swallows leaving from Italy carried about 1.5 -2 g of fuel (10% of LBM) more than those from Spain. Recently, Pilastro and Spina (1999) estimated potential flight ranges for barn swallows, following Pennycuick (1996) . According to their results, a 2 g difference in fuel stores means that the birds departing from Italy can potentially fly about 800 km longer than those leaving from Spain, although the difference in the overall width of ecological barriers is only 400 km. A possible explanation for this apparent over-fuelling recorded in Italian birds may lie in the different width of the stretch of sea to be crossed (800 vs 400 km of sea on average for Italian and Spanish birds, respectively). Sea crossing may impose higher energetic costs on migrating swallows, because weather conditions over the sea may be more unpredictable than over the desert, where northerly tail-winds that facilitate the migratory flight prevail during autumn (Moreau 1961 , Biebach 1992 . In fact, Moreau (1961) reported that, although winds over the Mediterranean are more favourable in autumn than in spring, wind direction and intensity over the sea are indeed more variable than over the desert.
As predicted, the amount of fuel stored at each roost site was significantly correlated with the extension of the ecological barriers to be crossed, under the assumption of a due south migratory direction, i.e. swallows leaving for their trans-Saharan flight along the shortest route. This relationship was weaker when considering only the Mediterranean as a barrier, while it was stronger when taking into account both the Mediterranean Sea and the Sahara desert, suggesting that swallows probably cross the desert without substantial refuelling in North Africa. Whether this strategy is adopted by all individuals or only by some of them remains an open question. Further, we cannot exclude the possibility that at least a portion of Iberian swallows may follow the West African coast, while direct barrier crossing by Italian birds is suggested by a single recovery of a barn swallow reported 7 days after ringing from Niger, having covered a total of 3028 km (433 km/day) (Pilastro and Spina 1999) . However, along the Atlantic coast of Morocco, southward migrating swallows were found in very low numbers compared to the interior of that country (Moreau 1961) , suggesting that the number of Iberian swallows following the border of the desert is probably low.
The differences between Italy and Iberia in the amount of fuel stored by swallows is comparable to that recorded in another trans-Saharan migrant, the garden warbler Syl6ia borin during autumn migration (Bairlein 1991) . In this species, body mass values are higher in southern Europe (just prior to barrier crossing) than in northern Europe, and in southern Europe birds migrating along the eastern flyway are about 3 g heavier than those following the western flyway (Bairlein 1991) . Interestingly, the highest body mass values among southward migrating garden warblers were recorded at stopover sites in northern Sahara (Bairlein 1991) , while body masses of swallows roosting in Algeria were similar to those recorded in southern Europe (Bairlein 1988) , again suggesting that no substantial fuel stores are accumulated in North Africa.
The lower amount of fuel stored by the Iberian-fuelling population seems to be in line with the theoretical ecological and fitness costs of carrying extra fuel loads that may, e.g., increase predation risk by impairing flying ability, or cause extra energetic costs for flying (Lima 1986 , Witter and Cuthill 1993 , McNamara et al. 1994 . Thus, the observed differences in fuel stores between the two populations may indicate that selection has led to the optimisation of fuel loads at the population level, hence providing indirect evidence that carrying fat imposes some costs.
Field data on population-specific differences in premigratory fuel stores in songbirds are scanty. We were able to highlight the existence of such differences and to relate them to the overall width of the ecological barriers to be crossed when leaving the pre-migratory fuelling areas. A more precise identification of the geographical origin of birds building up energy stores in Spain and Italy, which will hopefully be provided by further developments of the EURING Swallow Project, together with a detailed quantification of the physiological costs of fattening and migration in the populations studied (e.g. Drent and Piersma 1990 , Biebach 1998 , Piersma 1998 , will be a further step in the research into the migration ecology of this species.
